Introduction {#sec1}
============

Some bioactive ceramics have already been used to repair bone defects due to their bioactivity, which allows them to achieve tight fixation resulting from direct bonding to living bone. The first bioactive ceramic developed was a glass in the Na~2~O-CaO-SiO~2~-P~2~O~5~ system, after Hench \[[@cit0001]\]. This bioactive glass was named Bioglass. Many researchers have established various types of bioactive ceramics \[[@cit0002]--[@cit0005]\]. They have lower fracture toughness and higher Young's modulus than that of human cortical bone \[[@cit0006]\]. Therefore, the development of novel bioactive materials with amended mechanical and biological properties, in addition to high affinity for bone tissue, was looked for.

It is important for ceramic materials to form a bone-like apatite layer on their surfaces after being exposed to the body environment, to speed their property of direct bonding to living bone. A similar bone-like apatite layer can be formed on bioactive ceramics, if they were immersed in a simulated body fluid (SBF), as proposed by Kokubo *et al*. SBF is an aqueous solution that has almost the same ingredients, with regard to the inorganic species, as human extracellular fluid \[[@cit0007]--[@cit0010]\]. Simulated body fluid does not contain any cells or proteins, which means that the apatite layer is formed through the chemical reaction of the bioactive ceramics with the surrounding fluid. It is therefore anticipated that novel bioactive materials can be produced by controlling the chemical reactivity of the materials in body fluid \[[@cit0011]\].

Based on this idea, new types of bioactive materials, such as composites of (amorphous silica) SiO~2~ strengthened with either (titania) TiO~2~ or (zirconia) ZrO~2~, have been developed. However, titania powder with high surface area are not easily obtained due to their phase transformation and crystallite growth. Therefore, efforts have been directed towards the preparation of SiO~2~/TiO~2~ composite microspheres in order to hinder the phase transformation \[[@cit0012]\]. Moreover, SiO~2~/TiO~2~ composite microspheres may exhibit novel properties that are not found in a single oxide. It was reported that SiO~2~/TiO~2~ composite exhibited superior catalytic properties to the classical oxides and less biocompatibility than titania and silica \[[@cit0013]\].

Titania (TiO~2~), as a naturally occurring oxide, is a talented material. It possesses suitable mechanical and biocompatible properties \[[@cit0014], [@cit0015]\]. TiO~2~ can initiate the formation of a strong bond to bone upon implantation via the formation of a hydroxyapatite \[Ca~10~(PO~4~)6(OH)~2~, HA\] layer \[[@cit0016]\]. Furthermore, it was found that TiO~2~ in SiO~2~/TiO~2~ composite microspheres demonstrated better photoactivity than pure TiO~2~ particles due to their smaller grain size and improved absorption \[[@cit0017]\].

Zirconia (ZrO~2~) and titanium were used extensively in dental and orthopaedic implantation because of their mechanical properties and chemical resistance to degradation by bodily fluids. ZrO~2~ is tough because of its tetragonal structure; this structure can be controlled by blending it with other materials in order to balance toughness and strength. It is also one of the most extensively used ceramics in medical fields due to its good biocompatibility, excellent corrosion resistance, high strength, and low cost \[[@cit0018], [@cit0019]\]. There is interest in using ZrO~2~ for biomedical applications in high load-bearing sites \[[@cit0020]\]. The biological inertness and the good biocompatibility of ZrO~2~ have been confirmed by many medical applications \[[@cit0021]\]. Zirconia has been commonly used in orthopaedic implant materials offering better \[[@cit0022]\] scratch resistance relative to metal and better resistance to brittle fracture than alumina (Al~2~O~3~) \[[@cit0022]--[@cit0025]\]. In 2002, Uchida *et al*. found that the Zr-OH group formed on zirconium metal after pre heat treatment in ≥ 5 M aqueous sodium hydroxide (NaOH) solution showed the ability to induce apatite formation in simulated body fluid SBF \[[@cit0026]--[@cit0028]\].

To date, there has been no published data available concerning evaluation of the *in vivo* toxicity of SiO~2~, TiO~2~, and ZrO~2~ composites. Therefore, the present study was planned to explore the bio-safety of novel bioactive composites of SiO~2~, TiO~2~, and ZrO~2~ on the immune and genetic materials of male mice before its use in further biomedical applications.

Material and methods {#sec2}
====================

Chemicals {#sec2.1}
---------

TiO~2~ powder (anatase form) was purchased from BDH (England). Silicon oxide (SiO~2~), amorphous, 99.5%, was purchased from Alfa Aesar (USA). Zirconia powder (Zirconium Oxide, ZrO~2~) was purchased from Zircoa (Germany). The chemicals for molecular analysis (ISSR-PCR) were bought from Invitrogen (Carlsbad, CA, USA).

*In vitro* bioactivity test {#sec2.2}
---------------------------

Results obtained from *in vitro* experiments cannot usually be restructured as is to expect the reaction of an entire organism *in vivo*. Building a reliable extrapolation procedure from *in vitro* results to *in vivo* is therefore essential. The importance of exploring *in vitro* bioactivity prior to *in vivo* is quite clear, as *in vivo* studies require animal sacrifices, which are more costly, less easily reproducible, and involve ethical issues. For these reasons, before *in vivo*, screenings being carried out in *in vitro* tests are necessary. The scientific community hypothesised that SBF can be used to assess the *in vitro* bioactivity of a material. Simulated body fluid is an aprotic and acellular solution that has an inorganic ion concentration similar to that of human extracellular fluid, to mimic the formation of apatite on bioactive materials *in vitro*.

To study the bioactivity, samples were soaked in 50 ml of simulated body fluid (SBF) with ion concentrations (Na^+^ 142.0, K^+^ 5.0, Mg^2+^ 1.5, Ca^2+^ 2.5, Cl^--^ 147.8, HCO~3~^--^ 4.2, HPO~4~^2--^ 1.0, SO~4~^2--^ 0.5 Mm) nearly equal to those of human blood plasma at 36.5°C. Simulated body fluid (prepared following Kokubo's protocol) \[[@cit0007], [@cit0008]\]. Simulated body fluid was prepared by dissolving reagent grade chemicals one by one in the order NaCl, NaHCO~3~, KCl, K~2~HPO~4~.3H~2~O, MgCl~2~.6H~2~O, CaCl~2~, and Na~2~SO~4~ into double-distilled water, and buffered at pH 7.40 with tris(hydroxymethyl)aminomethane \[(CH~2~OH) CNH~3~\] and approximately 45 mM of hydrochloric acid (HCl) at 36.5°C. After soaking for 15 days, samples were withdrawn from the SBF solution, gently washed with distilled water, dried in air, and kept in an incubator to assess their acellular bioactivity \[[@cit0029], [@cit0030]\].

To estimate the formation of hydroxycarbonate apatite (HCA) aggregates on the surface of materials post immersion, samples were characterised via scanning electron microscopy (SEM, JEOL JXA-840, Tokyo, Japan, Electron Probe Microanalyzer).

### In vivo study

**Experimental animals:** The animal experiments were conducted at the animal house facility, affiliated to the National Research Centre (NRC). The study *in vivo* protocol was approved by the Institutional Animal Ethics Committee of the NRC. Two hundred and ninety adult male albino mice (20-25 g, purchased from the Animal House Colony, Giza, Egypt) were maintained on standard laboratory diet (protein, 16.04%; fat, 3.63%; fibre, 4.1%; and metabolic energy, 0.012 mJ) and water *ad libitum*. After an acclimation period of one week, animals were estranged into several groups (10 mice/group) and housed individually in filter-top polycarbonate cages housed in a temperature-controlled (23 ±1°C) and artificially illuminated (12-hour dark/light cycle) room free from any source of chemical detoxification.

**Experimental design:** According to Najda *et al*. \[[@cit0031]\], three doses of unmixed and mixed materials of SiO~2~, TiO~2~, and ZrO~2~-particles (Ps): 100, 200, and 400 mg/kg were used for the evaluation of toxicity. The *in vivo* experiments were performed on negative control (untreated mice), positive control (cyclophosphamide), and the experimental groups including unmixed and mixed materials of SiO~2~, TiO~2~, and ZrO~2~. The experimental groups were divided into three unmixed subgroups (SiO~2~, TiO~2~, and ZrO~2~, respectively) and six mixed subgroups (SiO~2~/TiO~2~: 1 : 1, 1 : 2, and 1 : 3; SiO~2~/ZrO~2~: 1 : 1, 1 : 2, and 1 : 3, respectively). All groups had corresponding numbers of animals per test in which for Inter Simple Sequence Repeats (ISSR), bone marrow micronucleus (MN), and enzyme activity assays, for each dose 10 animals were used. All animals were given an IP single dose once per week for one month. The control group was treated with saline water. A known mutagen, cyclophosphamide, at a dose of 40 mg/kg body weight (bw) was used for the positive control group. It was given intraperitoneally (i.p.), and the volume injected was 0.01 ml/g b.w. Samples of liver were immediately kept on ice and frozen at −20°C prior to usage for ISSR-PCR and enzyme activity analyses. Bone marrow samples were collected from both femurs of each animal and extracted immediately and processed for the MN assay.

**Extraction of genomic DNA:** Total genomic DNA was isolated from mice liver tissue samples (100 mg) by cutting first into very fine pieces and digesting at 37°C overnight in TNES-Urea solution (10 mM Tris-HCl, 125 mM NaCl, 10 mM EDTA 2Na, 1% SDS, and 8 M Urea) with 10 mg/ml proteinase K, as described by Asahida *et al*. \[[@cit0032]\]. DNA was extracted from each sample following the standard procedure of SDS-phenol chloroform. Subsequently, DNA was precipitated in cold ethanol, re-suspended in TE buffer, and stored at 4°C until PCR amplification. The concentration of genomic DNA samples was determined via UV spectrometer and necessary dilutions were done, followed by verification with 0.8% agarose gel electrophoresis.

**ISSR-PCR and electrophoresis:** Inter Simple Sequence Repeat (ISSR) analysis was performed using the six different primers listed in [Table 1](#t0001){ref-type="table"}. The primers contained different di- and tri-nucleotide repeat motifs in order to achieve as wide as possible genome coverage. For each primer, the annealing temperature was chosen after different trials with different temperatures (tested range from 48-52°C), aiming to maximise the information obtained from the patterns, i.e. maximum amplification, minimum smear on gels (from non-specific amplification), and well-resolved bands.

###### 

ISSR primer codes, sequences, and their annealing temperature used for ISSR-PCR

  Primer set   Primer Code   Primer sequence (5′-3′)   Annealing T (°C)
  ------------ ------------- ------------------------- ------------------
  1            HB8           (GA) 6 GG                 48
  2            HB9           (GT) 6 GG                 48
  3            HB10          (GA) 6 CC                 48
  4            HB11          (GT) 6 CC                 48
  5            HB15          (GTG) 3 GC                52
  6            814           (CT) 8 TG                 44

The PCR solution (25 μl total volumes) contained 0.5 units of Taq DNA Polymerase (Pharmacia^®^), 1× reaction buffer, 2.5 mM MgCl~2~, 0.2 μM primer, 200 μM of each dNTP, and up to 30 ng of genomic DNA. PCR amplifications were performed using the following conditions: 94°C for two minutes; 35 cycles of: 94°C for 30 seconds, 44°C for 45 seconds, 72°C for 1 minute 30 seconds; 72°C for 20 minutes; and 4°C soak forever. In order to exclude PCR artefacts and verify the repeatability of the results, negative controls and replicates were included in each PCR amplification. For ISSR marker profiling, PCR products were subjected to electrophoresis on 1.5% agarose gels, followed by staining using ethidium bromide \[an intercalating agent commonly used as a fluorescent tag (nucleic acid stain) in molecular biology\]. The electrophoretic patterns of the PCR products were digitally recorded using a Gel-Doc 2000 image analysis system (Bio-Rad) according to the instruction of the manufactory.

**Micronucleus test:** Acridine orange \[an organic compound used as a nucleic acid-selective fluorescent cationic dye useful for cell cycle determination -- being cell-permeable, it interacts with DNA and RNA by intercalation or electrostatic attractions respectively\] staining of erythrocytes was performed using a procedure used by Ueda *et al*. \[[@cit0033]\]. To assess this assay, five animals from each treatment were sacrificed after the exposure period. The bone marrow cells were collected from both femurs and re-suspended in a small volume of foetal calf serum (FBS; Sigma) on a 0.003% acridine orange-coated glass slide. The slide was then covered with a cover glass to prepare bone marrow specimens. Slides were dried overnight and fixed with methanol for 10 minutes. Bone marrow specimens were examined in a blinded manner using fluorescence microscopy at 600× or higher magnification with a blue excitation wavelength (e.g. 488 nm) and yellow-to-orange barrier filter (e.g. 515 nm long pass). Two slides per animal were observed once by a single observer who had sufficient experience of micronucleus test. The number of micronucleated polychromatic erythrocytes (%MnPCEs) was measured at a rate of 3000 polychromatic erythrocytes (PCEs) per animal.

**Comet assay for DNA strand break determination:** Mice hepatic tissues of all groups were subjected to modified single-cell gel electrophoresis \[[@cit0034]\]. In order to obtain the cells, a small piece of the liver was first thoroughly washed using an excess amount of ice-cold Hank's balanced salt solution (HBSS) and then minced quickly, using a pair of stainless steel scissors, to form approximately 1-mm^3^ pieces, while immersed in HBSS. After several washings with cold phosphate-buffered saline to get rid of red blood cells (RBCs), the minced liver was dispersed individually into single cells using a pipette. In brief, the protocol for electrophoresis involved embedding the isolated cells in agarose gel on microscopic slides, lysing them with detergent at high salt concentrations (overnight in the cold), treatment with alkali to denature the DNA (20 minutes), and electrophoresis under alkaline conditions (30 minutes) at 300 mA, 25 V. After electrophoresis the slides were stained by means of ethidium bromide and examined using a fluorescence microscope (Olympus BX60 F-3) with a green filter at × 40 magnification. For each experimental condition, about 100 cells (about 25 cells per fish) were examined to determine the percentage of cells with DNA damage, which appear as comet-like shapes. Randomly selected non-overlapping cells were visually assigned a score on an arbitrary scale of 0--3 (i.e. class 0 = no detectable DNA damage and no tail; class 1 = tail with a length less than the diameter of the nucleus; class 2 = tail of length between 1× and 2× the nuclear diameter; and class 3 = tail longer than 2× the diameter of the nucleus), based on apparent comet tail length migration and relative proportion of DNA in the nucleus \[[@cit0035]\]. A total damage score for each slide was derived by multiplying the number of cells assigned to each class of damage by the numeric value of the class and summing up all the values. Slides were analysed by one observer to minimise the scoring variability.

**Determination of glutathione peroxidase activity:** Glutathione peroxidase activity measurements were carried out by a procedure according to El-Megeed *et al*. \[[@cit0036]\]. The reaction mixture consisted of 8 mM H~2~O~2~, 40 mM guaiacol, 50 mM sodium acetate buffer pH 5.5, and a suitable amount of the enzyme preparation. Change in absorbance at 470 nm due to guaiacol oxidation was followed at 30-second intervals. One unit of glutathione peroxidase activity was defined as the amount of enzyme that increases the O.D. 1.0/min under standard assay conditions.

**Determination of albumin and globulin as well as A/G ratio levels:** Serum albumin and globulin were assessed according to manufacturer instructions of commercially available test kits.

**Analysis of lymphocyte population in blood:** Lymphocyte population distribution in peripheral blood of male mice in different treated groups was examined using flow cytometry method \[[@cit0037]\].

**Determination of aspartate aminotransferase (AST) and alanine aminotransferase (ALT):** AST and ALT activities were measured using kits of QCA, Spain, according to the method of Rasmy *et al*. \[[@cit0038]\]. AST and ALT activities were expressed as U/l.

Statistical analysis {#sec2.3}
--------------------

All data were analysed using the General Liner Models (GLM) procedure of the Statistical Analysis System \[[@cit0039]\], followed by Scheffé-test to assess significant differences between groups. The values are expressed as mean ± SEM. All statements of significance were based on a probability of *p* \< 0.05.

Results {#sec3}
=======

Surface morphology {#sec3.1}
------------------

The water molecules found in the SBF instantaneously react with the Si--O--Si or Ti--O--Ti bond to form additional Si--OH or Ti--OH groups ([Figs. 1](#f0001){ref-type="fig"}, [2](#f0002){ref-type="fig"}). These formed groups induce the nucleation of apatite, as well as the discharge of both the Ca^2+^ and Na^+^ ions from the SBF solution, which may speed up apatite nucleation by increasing the ionic activity product of the apatite in the fluid. As a result, the apatite layer formed on the composite surface after soaking in SBF was confirmed by SEM of the SiO~2~/TiO~2~ composites post-immersion as shown in [Fig. 3](#f0003){ref-type="fig"}. For ratio 1 : 1 composite, SEM at 3000× shows that it has many particles on its surface proving slight formation of apatite layer due to the high content of silica in the composite illustrating melted and dense structure that reduced the nucleation of apatite layer compared to other composites. In this domain, the simultaneous dissolution of silicates results in the formation of the silanol (Si-OH) groups on the material's surface, which are crucial as nucleation sites resulting in HA development \[[@cit0040]\]. Once the apatite nuclei form, they can grow instinctively by overwhelming the calcium phosphate (CaP) ions already found in the surrounding SBF fluid \[[@cit0041]\]. For biocomposites of ratio 1 : 2 and 1 : 3 the SEM at the same magnification indicates the presence of abundant spherical shapes formed in several layers accumulating over each other to form a bone-like apatite layer for both composites, especially those with the higher content of titania. TiO~2~ has a propensity to adsorb water at its surface, resulting in the formation of titanium hydroxide (Ti-OH) groups, which were reported to persuade apatite nucleation and crystallisation in SBF \[[@cit0029]\]. This result may be due to the high content of titania, which leads to an upsurge of Ti--OH groups at the expense of Si--OH groups, resulting in the high nucleation of apatite \[[@cit0042]\]. The roughness of the surface increases with increasing concentration of TiO~2~ \[[@cit0043]\]. The thick layer is probably formed due to the large agglomerations of titania particles in these biocomposites ([Fig. 3C](#f0003){ref-type="fig"}), which may act as sites for the nucleation and growth of HA \[[@cit0017]\].

![SEM micrograph of pure SiO~2~ represents different agglomerates precipitated on top of the sample after immersion for two weeks](CEJI-42-29846-g001){#f0001}

![SEM micrograph shows pure TiO~2~ with few agglomerates. The image of pure TiO~2~ indicates a fairly homogeneous granular surface with fine grain boundaries. The crystals seem to be well-bonded to, and partially embedded in the matrix due to the shadow surrounding the crystals](CEJI-42-29846-g002){#f0002}

![SEM micrograph of SiO~2~:TiO~2~ composite of ratio 1 : 1 (A), 1 : 2 (B), and 1 : 3 (C), respectively](CEJI-42-29846-g003){#f0003}

In addition, the results in [Fig. 4B](#f0004){ref-type="fig"}--[D](#f0004){ref-type="fig"} show the SEM micrograph of SiO~2~:ZrO~2~ composite of ratio 1 : 1, 1 : 2, and 1 : 3 at the same magnification (3000×). The growth of the apatite layer, covering the surface of the zirconia substrate, was very poor. In addition, the smaller groups of a few clustered particles were formed on the substrate as shown in the figures. The coating has an imperfect structure and very low crystallinity \[[@cit0030]\].

![Clearly visible characteristic accumulation of various sizes of spherical particles that covered the surface of pure zirconium (A); particles of SiO~2~ : ZrO~2~ 1 : 1 (B); particles of SiO~2~ : ZrO~2~ 1 : 2 (C); and particles of SiO~2~ : ZrO~2~ 1 : 3 (D)](CEJI-42-29846-g004){#f0004}

*In vivo* study {#sec3.2}
---------------

### ISSR analysis

ISSR analysis was carried out in male mice using six anchor primers (HB8, HB9, HB10, HB11, HB15, and 814) to determine the genetic variation induced by treatment with mixed and unmixed SiO~2~, TiO~2~, and ZrO~2-~Ps. The current study revealed no differences observed between untreated mice and those treated with low or medium doses of unmixed and mixed SiO~2~, TiO~2~, and ZrO~2~-Ps. Exceptionally, the highest dose (400 mg/kg b.w.) of unmixed and mixed SiO~2~, TiO~2~, and ZrO~2~-Ps caused significant differences compared with the control mice, as summarised in [Fig. 5](#f0005){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}. Untreated mice revealed the highest percentage of the monomorphic bands (93.3%) and lowest percentage (6.7%) of the polymorphic bands ([Table 2](#t0002){ref-type="table"}). However, the highest percentage of the polymorphic bands was observed in mice treated with CP, TiO~2~, and the mixture 1SiO~2~ : 3TiO~2~ (33.3%, 23.8% and 24.2%, respectively) ([Table 2](#t0002){ref-type="table"}).

![ISSR analysis of mice genome exposed to a high dose (400 mg/kg) of SiO~2~, TiO~2~, and ZrO~2~-Ps using HB8 (A), HB9 (B), HB10 (C), HB11 (D), HB15 (E), and 814 primers. M represents DNA marker; lane 1 represents control mice; lane 2 represents mice treated with cyclophosphamide; lanes 3-5 represent mice treated with SiO2, TiO~2~, and ZrO~2~- Ps, respectively; lanes 6-8 represent mice treated with mixture of SiO2 and TiO~2~ as ratio of 1 : 1, 1 : 2, and 1 : 3, respectively; lanes 9-11 represent mice treated with mixture of SiO~2~ and ZrO~2~ as ratio of 1 : 1, 1 : 2, and 1 : 3, respectively](CEJI-42-29846-g005){#f0005}

###### 

Detected bands using ISSR analysis in male mice treated with high dose (400 mg/kg) of SiO~2~, TiO~2~, and ZrO~2~-Ps

  Treatment                 Mobility range bp   Total band Nos.   Mean band (X ± SEM)   Monomorphic   Monomorphic (%)   Polymorphic   Polymorphic (%)
  ------------------------- ------------------- ----------------- --------------------- ------------- ----------------- ------------- -----------------
  Control                   1360-168            90                15.0 ±0.01            84.0          93.3              6             6.7
  Cyclophosphamide          1392-112            111               18.5 ±0.02            74.0          66.7              37            33.3
  SiO~2~                    1354-157            92                15.3 ±0.01            79.0          85.9              13            14.1
  TiO~2~                    1387-114            101               16.8 ±0.02            77.0          76.2              24            23.8
  ZrO~2~                    1369-158            94                15.7 ±0.01            82.0          87.2              12            12.8
  SiO~2~ : TiO~2~ (1 : 1)   1372-152            95                15.8 ±0.02            79.0          83.2              16            16.8
  SiO~2~ : TiO~2~ (1 : 2)   1383-135            96                16.0 ±0.01            77.0          80.2              19            19.8
  SiO~2~ : TiO~2~ (1 : 3)   1389-117            99                16.5 ±0.01            75.0          75.8              24            24.2
  SiO~2~ : ZrO~2~ (1 : 1)   1358-156            92                15.3 ±0.01            80.0          87.0              12            13.0
  SiO~2~ : ZrO~2~ (1 : 2)   1372-152            92                15.3 ±0.01            79.0          85.9              13            14.1
  SiO~2~ : ZrO~2~ (1 : 3)   1378-134            95                15.8 ±0.02            78.0          82.1              17            17.9

### Micronucleus (MN) assay

[Figure 6](#f0006){ref-type="fig"} summarises the effect of SiO~2~, TiO~2~, and ZrO~2-~ Ps in mixed and unmixed form on MnPCE formation in the bone marrow cells of male mice. The results showed that low and medium doses of mixed and unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps did not increase significantly the incidence of MnPCEs in comparison to the control group ([Fig. 6](#f0006){ref-type="fig"}). However, exposure of male mice with high doses of TiO~2~-Ps alone or in combination with SiO~2~-Ps with the ratio of 1 : 1, 2 : 1, and 3 : 1 increased significantly the incidence of MnPCEs (11.6 ±0.1, 10.9 ±0.2; 11.5 ±0.1, and 13.3 ±0.3, respectively) compared with that of the control group (4.9 ±0.1, [Fig. 6](#f0006){ref-type="fig"}). On the other hand, treatment of male mice with high doses of SiO~2~- and ZrO~2~-Ps alone or in combination with each other with the ratio of 1 : 1, 1 : 2, and 1 : 3 did not increase significantly the MnPCEs formation in the bone marrow cells ([Fig. 6](#f0006){ref-type="fig"}).

![Micronucleated polychromatic erythrocytes (MnPCEs) of male mice exposed to different doses of SiO~2~, TiO~2~, and ZrO~2~-Ps. Results are expressed as mean ± SEM of data from at least ten samples. Mean values within tissue with unlike superscript letters were significantly different (*p* \< 0.05, Scheffé-Test) (A-C). Mean values within tissue with similar superscript letters were not significant differences (*p* \> 0.05) (B, C)](CEJI-42-29846-g006){#f0006}

### Comet assay in liver tissues

The genotoxic effect of SiO~2~, TiO~2~, and ZrO~2~-Ps in mixed and unmixed form in male mice is summarised in [Table 3](#t0003){ref-type="table"}. The hepatic tissues of male mice exposed to SiO~2~, TiO~2~, and ZrO~2~-Ps showed considerable dose-dependent DNA damage when estimated by comet assay for DNA strand break in nuclei from individual cells. The results showed that there were no significant differences in the DNA damage values caused by low and medium doses of mixed and unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps and even the control group. Conversely, DNA damaged cells were significantly high in mice exposed to the highest dose of TiO~2~-Ps (19%) and 1 SiO~2~: 3 TiO~2~ (20%), compared to control mice (9%) ([Table 1](#t0001){ref-type="table"}). Furthermore, the DNA damaged cells categorised as class 3 were also higher in mice exposed to TiO~2~-Ps and 1SiO~2~: 3TiO~2~ than in other groups, except for the group exposed to cyclophosphamide ([Table 3](#t0003){ref-type="table"}). In addition, the DNA damaged cells in mice exposed to 400 mg/kg of 1SiO~2~ : 12TiO~2~ and 1SiO~2~ : 2TiO~2~ were increased but without significant differences ([Table 1](#t0001){ref-type="table"}). On the other hand, other Ps were not able to significantly increase the DNA damage in hepatic cells of male mice, which were relatively similar to those of the control fish.

###### 

Visual score of DNA damage in male mice exposed to high dose (400 mg/kg) of SiO~2~, TiO~2~, and ZrO~2~-Ps

  Treatment                 No. of cells   Class[Ω](#tf3-1){ref-type="table-fn"}   DNA damaged cells (% mean)                
  ------------------------- -------------- --------------------------------------- ---------------------------- --- --- ---- ------
  Control                   100            9                                       91                           6   3   0    9c
  Cyclophosphamide          100            29                                      71                           8   7   14   29a
  SiO~2~                    100            10                                      90                           5   4   1    10c
  TiO~2~                    100            19                                      81                           4   6   9    19b
  ZrO~2~                    100            11                                      89                           5   3   3    11c
  SiO~2~ : TiO~2~ (1 : 1)   100            12                                      88                           3   5   4    12c
  SiO~2~ : TiO~2~ (1 : 2)   100            15                                      85                           5   4   6    15bc
  SiO~2~ : TiO~2~ (1 : 3)   100            20                                      80                           1   7   12   20b
  SiO~2~ : ZrO~2~ (1 : 1)   100            10                                      90                           4   3   3    10c
  SiO~2~ : ZrO~2~ (1 : 2)   100            12                                      88                           6   2   4    12c
                            100            14                                      86                           5   4   5    14bc

: Class 0 = no tail; 1 = tail length \< diameter of nucleus; 2 = tail length between 1× and 2× the diameter of nucleus; and 3 = tail length \> 2× the diameter of nucleus.

### Determination of glutathione peroxidase activity

[Table 4](#t0004){ref-type="table"} shows the results of glutathione peroxidase activity after treatment of male mice with mixed and unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps. The present study showed that male mice exposed to mixed or unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps in low and medium doses had relatively similar values to untreated mice (data not shown). However, the values of glutathione peroxidase activity showed significant differences with the treatment of the highest dose of SiO~2~, TiO~2~, and ZrO~2~-Ps, where treatment of male mice with TiO~2~-Ps either in unmixed form or mixed form with SiO~2~ decreased significantly the values of glutathione peroxidase activity ([Table 4](#t0004){ref-type="table"}). However, other types of the used Ps did not induce significant reduction in the glutathione peroxidase activity with 400 mg/kg, whereas the activity values in mice treated with SiO~2~ and ZrO~2~-Ps were similar to those in untreated mice ([Table 4](#t0004){ref-type="table"}).

###### 

The amount of glutathione peroxidase activity in mice exposed to SiO~2~, TiO~2~, and ZrO~2~ Ps (mg/kg b.w.).

  Treatment[\*](#tf4-1){ref-type="table-fn"}   Glutathione peroxidase activity (U/mg tissues/min)                                               
  -------------------------------------------- ---------------------------------------------------- ------------------------------------------- --------------------------------------------
  Control                                      5.5 ±0.02[a](#tf4-2){ref-type="table-fn"}            5.4 ±0.03[a](#tf4-2){ref-type="table-fn"}   5.7 ±0.01[a](#tf4-2){ref-type="table-fn"}
  Cyclophosphamide                             1.7 ±0.05[b](#tf4-2){ref-type="table-fn"}            1.7 ±0.04[b](#tf4-2){ref-type="table-fn"}   1.6 ±0.05[c](#tf4-2){ref-type="table-fn"}
  SiO~2~                                       5.4 ±0.04[a](#tf4-2){ref-type="table-fn"}            5.1 ±0.05[a](#tf4-2){ref-type="table-fn"}   4.9 ±0.03[a](#tf4-2){ref-type="table-fn"}
  TiO~2~                                       5.0 ±0.03[a](#tf4-2){ref-type="table-fn"}            4.8 ±0.04[a](#tf4-2){ref-type="table-fn"}   2.7 ±0.04[b](#tf4-2){ref-type="table-fn"}
  ZrO~2~                                       5.2 ±0.03[a](#tf4-2){ref-type="table-fn"}            5.1 ±0.04[a](#tf4-2){ref-type="table-fn"}   4.4 ±0.03[ab](#tf4-3){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 1)                      5.2 ±0.04[a](#tf4-2){ref-type="table-fn"}            4.8 ±0.03[a](#tf4-2){ref-type="table-fn"}   2.9 ±0.02[b](#tf4-2){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 2)                      4.9 ±0.02[a](#tf4-2){ref-type="table-fn"}            4.7 ±0.05[a](#tf4-2){ref-type="table-fn"}   2.6 ±0.03[b](#tf4-2){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 3)                      4.8 ±0.05[a](#tf4-2){ref-type="table-fn"}            4.5 ±0.06[a](#tf4-2){ref-type="table-fn"}   2.3 ±0.02[b](#tf4-2){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 1)                      5.2 ±0.05[a](#tf4-2){ref-type="table-fn"}            5.1 ±0.06[a](#tf4-2){ref-type="table-fn"}   4.2 ±0.04[ab](#tf4-3){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 2)                      5.1 ±0.06[a](#tf4-2){ref-type="table-fn"}            4.9 ±0.04[a](#tf4-2){ref-type="table-fn"}   4.1 ±0.05[ab](#tf4-3){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 3)                      5.0 ±0.04[a](#tf4-2){ref-type="table-fn"}            4.8 ±0.06[a](#tf4-2){ref-type="table-fn"}   4.0 ±0.02[ab](#tf4-3){ref-type="table-fn"}

Each treatment had an equivalent numbers of animals (n = 10)

Mean values within tissue with unlike superscript letters were significantly different (p \< 0.05, Scheffé-Test)

Mean values within tissue with similar superscript letters were not significant differences (p \> 0.05)

### Determination of albumin, globulin, and A/G ratio

[Table 5](#t0005){ref-type="table"} represents the results of albumin, globulin, and A/G ratio after treatment of male mice with mixed and unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps. The results found that male mice exposed to mixed or unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps in low and medium doses had relatively similar values of albumin, globulin, and A/G to untreated mice (data not shown). In contrast, the values of albumin, globulin, and A/G showed significant differences with the treatment of the highest dose (400 mg/kg) of SiO~2~, TiO~2~, and ZrO~2~-Ps, in which treatment of male mice with TiO~2~-Ps either in unmixed form or mixed form with SiO~2~ decreased significantly the levels of albumin and globulin ([Table 5](#t0005){ref-type="table"}). However, other types of used Ps did not prompt significant changes in the levels of albumin and globulin with 400 mg/kg compared with control mice ([Table 5](#t0005){ref-type="table"}).

###### 

Levels of Albumin, globulin, and A/G ration in serum of male mice exposed to SiO~2~, TiO~2~, and ZrO~2~-Ps (mg/kg b.w.)

  Treatment\*               Particulars                                                                             
  ------------------------- ------------------------------------------- ------------------------------------------- --------------------------------------------
  Control                   5.7 ±0.3[a](#tf5-1){ref-type="table-fn"}    3.2 ±0.1[a](#tf5-1){ref-type="table-fn"}    1.26 ±0.2[b](#tf5-1){ref-type="table-fn"}
  Cyclophosphamide          2.3 ±0.4[b](#tf5-1){ref-type="table-fn"}    1.8 ±0.2[b](#tf5-1){ref-type="table-fn"}    1.54 ±0.3[ab](#tf5-2){ref-type="table-fn"}
  SiO~2~                    4.9 ±0.2[a](#tf5-1){ref-type="table-fn"}    3.0 ±0.3[a](#tf5-1){ref-type="table-fn"}    1.32 ±0.2[a](#tf5-1){ref-type="table-fn"}
  TiO~2~                    3.2 ±0.3[ab](#tf5-2){ref-type="table-fn"}   2.3 ±0.4[ab](#tf5-2){ref-type="table-fn"}   1.68 ±0.1[a](#tf5-1){ref-type="table-fn"}
  ZrO~2~                    4.6 ±0.5[a](#tf5-1){ref-type="table-fn"}    2.8 ±0.3[a](#tf5-1){ref-type="table-fn"}    1.42 ±0.4[ab](#tf5-2){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 1)   4.3 ±0.3[a](#tf5-1){ref-type="table-fn"}    2.7 ±0.2[a](#tf5-1){ref-type="table-fn"}    1.48 ±0.2[ab](#tf5-2){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 2)   3.9 ±0.1[ab](#tf5-2){ref-type="table-fn"}   2.5 ±0.1[a](#tf5-1){ref-type="table-fn"}    1.84 ±0.2[a](#tf5-1){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 3)   3.1 ±0.4[ab](#tf5-2){ref-type="table-fn"}   2.0 ±0.3[b](#tf5-1){ref-type="table-fn"}    1.96 ±0.3[a](#tf5-1){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 1)   4.6 ±0.6[a](#tf5-1){ref-type="table-fn"}    2.9 ±0.4[a](#tf5-1){ref-type="table-fn"}    1.33 ±0.1[ab](#tf5-2){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 2)   4.1 ±0.5[a](#tf5-1){ref-type="table-fn"}    2.6 ±0.2[ab](#tf5-2){ref-type="table-fn"}   1.38 ±0.3[ab](#tf5-2){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 3)   3.8 ±0.3[ab](#tf5-2){ref-type="table-fn"}   2.4 ±0.1[ab](#tf5-2){ref-type="table-fn"}   1.41 ±0.1[ab](#tf5-2){ref-type="table-fn"}

Mean values within tissue with unlike superscript letters were significantly different (p \< 0.05, Scheffé-Test)

Mean values within tissue with similar superscript letters were not significant differences (p \> 0.05)

### Assessment the population of lymphocytes in peripheral blood

[Figure 7](#f0007){ref-type="fig"} exemplifies the results of the distribution of lymphocyte population in the peripheral blood of male mice exposed to mixed and unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps. male mice exposed to mixed or unmixed SiO~2~, TiO~2~, and ZrO~2~-Ps in low and medium doses had relatively analogous values to untreated mice (data not shown). At the highest dose of SiO~2~, TiO~2~, and ZrO~2-~ Ps the results revealed that no significant differences were found in the distribution of T-cell and NK-cell populations between treated and control animals (*p* \> 0.05). However, distribution of B-cell population was increased significantly (*p* \< 0.05) with TiO~2~ treatment either in mixed or unmixed forms.

![Population of lymphocyte distribution of peripheral blood from male mice exposed to different doses of SiO~2~, TiO~2~, and ZrO~2~-Ps](CEJI-42-29846-g007){#f0007}

### Determination of ALT and AST

[Table 6](#t0006){ref-type="table"} represents the parameters of liver function (ALT and AST) after treatment of male mice with both mixed and unmixed SiO~2~, TiO~2~, and ZrO~2-~ Ps. The results showed that mice exposed to mixed or unmixed SiO~2~, TiO~2~, and ZrO~2-~ Ps in low and medium doses had values of ALT and AST relatively comparable to control mice (data not shown). However, the values of ALT and AST showed significant variance with the treatment of the highest dose (400 mg/kg) of SiO~2~, TiO~2~, and ZrO~2-~ Ps, in which treatment of mice with TiO~2~-Ps either in unmixed form or mixed form with SiO~2~ increased significantly the levels of ALT and AST ([Table 6](#t0006){ref-type="table"}). However, other types of the used Ps did not give significant changes in the levels of ALT and AST with 400 mg/kg compared with control mice ([Table 5](#t0005){ref-type="table"}).

###### 

Levels of hepatic factors in male mice exposed to high dose (400 mg/kg) of SiO~2~, TiO~2~, and ZrO~2~ Ps

  Treatment\*               Hepatic factors                            
  ------------------------- ------------------------------------------ ------------------------------------------
  Control                   23 ±1.2[b](#tf6-1){ref-type="table-fn"}    72 ±4.2[c](#tf6-1){ref-type="table-fn"}
  Cyclophosphamide          42 ±2.7[a](#tf6-1){ref-type="table-fn"}    173 ±4.2[a](#tf6-1){ref-type="table-fn"}
  SiO~2~                    26 ±1.4[b](#tf6-1){ref-type="table-fn"}    81 ±2.5[c](#tf6-1){ref-type="table-fn"}
  TiO~2~                    34 ±1.6[ab](#tf6-2){ref-type="table-fn"}   142 ±3.4[b](#tf6-1){ref-type="table-fn"}
  ZrO~2~                    28 ±2.3[ab](#tf6-2){ref-type="table-fn"}   83 ±3.1[c](#tf6-1){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 1)   29 ±2.2[ab](#tf6-2){ref-type="table-fn"}   121 ±4.1[b](#tf6-1){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 2)   33 ±1.9[ab](#tf6-2){ref-type="table-fn"}   138 ±3.4[b](#tf6-1){ref-type="table-fn"}
  SiO~2~ : TiO~2~ (1 : 3)   38 ±3.1[a](#tf6-1){ref-type="table-fn"}    149 ±4.5[b](#tf6-1){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 1)   24 ±2.1[b](#tf6-1){ref-type="table-fn"}    79 ±1.1[c](#tf6-1){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 2)   27 ±2.4[ab](#tf6-2){ref-type="table-fn"}   87 ±2.9[c](#tf6-1){ref-type="table-fn"}
  SiO~2~ : ZrO~2~ (1 : 3)   30 ±2.7[ab](#tf6-2){ref-type="table-fn"}   89 ±2.4[c](#tf6-1){ref-type="table-fn"}

Mean values within tissue with unlike superscript letters were significantly different (p \< 0.05, Scheffé-Test)

Mean values within tissue with similar superscript letters were not significant differences (p \> 0.05)

Discussion {#sec4}
==========

Although great developments have been made in the worldwide production and use of metal-based composites and nanoparticles, there is a serious lack of information about the impact of these materials on human health and environment, especially the potential for induced toxicity \[[@cit0044]\]. Preliminary reports of the inherent toxicity of some metals nanoparticles (NPs) are available and indicate that they can affect biological behaviour at the organ, tissue, cellular, subcellular, and protein levels.

Schrand *et al*. \[[@cit0045]\] reported that as particle size decreases, some metal-based NPs showed increment in their toxicity. NPs also interact with proteins and enzymes within mammalian cells and interfere with the antioxidant defence mechanism leading to reactive oxygen species generation, the initiation of an inflammatory response, and perturbation and destruction of the mitochondria causing apoptosis or necrosis. Therefore, the main objective of the current study was to use larger particles than nanoparticles to decrease the risk of the potential toxicity attributed to the use of small particles of materials under study.

The present work showed that the treatment of male mice with SiO~2~ and ZrO~2~ in separate or in mixture form exhibited lower toxicity values than those resulting from TiO~2~. Furthermore, the present study demonstrated that 100 and 200 mg/kg b.w. of SiO~2~, TiO~2~, and ZrO~2~- Ps in either mixed or unmixed form were safe in male mice using several genotoxicity and biochemical assays. However, using 400 mg/kg of TiO~2~-Ps in unmixed form or mixed with SiO~2~ increased the toxicity potential using ISSR analysis, micronucleus test, comet assay, and glutathione peroxidase activity. In good agreement with our work, Heckmann *et al*. \[[@cit0046]\] reported that TiO~2~ particles were the only metal that initiated toxic effects to earthworms compared with other metals, such as Ag, Cu, Ni, Al~2~O~3~, SiO~2~, and ZrO~2~ particles. In addition, TiO~2~-NP has previously been reported to induce toxicity to bacteria \[[@cit0047]\] and the freshwater crustacean *Daphnia magna* \[[@cit0048]\].

Conversely, a recent study by Lindberg *et al*. \[[@cit0049]\] demonstrated that inhalation of mice with nano-sized TiO~2~ (74% anatase, 26% brookite; five days, four hours/day) resulted in a clear increase in neutrophils in BAL (mouse bronchoalveolar lavage) fluid, indicating an inflammatory effect; however, no significant effect on the level of DNA damage in lung epithelial cells or micronuclei in PCEs was observed. They suggested that inhalation exposure resulted in much lower systemic TiO~2~ doses than the IP injection and intraperitoneal treatments. Therefore, the lung epithelial cells probably received considerably less TiO~2~ than BAL cells. These findings support our results, in which the mice in the present experiment were treated IP and consequently had greater toxicity than inhalation exposure. Another recent study by Sadiq *et al*. \[[@cit0050]\] reported that TiO~2~ can reach the mouse bone marrow and is prone to inducing cytotoxicity. These results were obtained when mice were treated intravenously with three daily doses of 50 mg/kg TiO~2~ NPs.

These results demonstrate that nanoparticles of TiO~2~ can potentially cause adverse effects on organ, tissue, cellular, subcellular, and protein levels due to their unusual physicochemical properties, such as small size \[[@cit0045]\]. However, our study found that genotoxicity of TiO~2~ was observed only with the highest dose (400 mg/kg) of TiO~2~ particles; treatment of male mice in the current study with 100 or 200 mg/kg of TiO~2~ particles did not cause any genotoxicity symptoms. These results suggest that as particle size decreases, some metals show increased toxicity, even if the same material is relatively inert in its bulk form \[[@cit0045]\].

Moreover, an explanation for the mechanism thought to be responsible for the genetic alterations exerted by TiO~2~ involves oxidative stress, in which several studies showed that TiO~2~ induced reactive oxygen species (ROS) in a variety of cell types and tissues \[[@cit0051]--[@cit0056]\]. Our results are in a good settlement with these findings, where TiO~2~ inhibits the antioxidant activity of the glutathione peroxidase enzyme. It is increasingly proposed that ROS and reactive nitrogen species (RNS) play a vital role in DNA damage and cancer development \[[@cit0057], [@cit0058]\].

Reactive oxygen species is a collective term often used by biologists to include oxygen radicals \[superoxide (O~2~), hydroxyl (OH), peroxyl (RO~2~), and alkoxyl (RO)\] and certain nonradicals that are either oxidising agents and/or are easily converted into radicals, such as HOCl, ozone (O~3~), peroxynitrite (ONOO−), singlet oxygen (^1^O~2~), and H~2~O~2~. The mechanism of ROS inducing DNA damage could be attributed to one or more reasons as follows: (1) ROS causes structural alterations in DNA, e.g. base pair mutations, rearrangements, deletions, insertions, and sequence amplification \[[@cit0058]\]; (2) affect cytoplasmic and nuclear signal transduction pathways \[[@cit0059], [@cit0058]\]; and (3) modulate the activity of the proteins and genes that respond to stress and act to regulate the genes that are related to cell proliferation, differentiation, and apoptosis \[[@cit0059], [@cit0058]\].

The immune organs and cells play a vigorous role during the body defence progress for xenobiotics. The present study revealed that treatment of male mice with TiO~2~-Ps either in mixed of unmixed forms of SiO~2~ decreased significantly the levels of albumin and globulin and increased the B-cell population as well as ALT and AST in the mice samples. In agreement with our findings, in mice treated with nano-TiO~2~, their liver showed congestion and other diseases, as well as decreased levels of albumin, globulin and levels of leucocytes and T cells, glutamate aminotransferase, and AST, which are all related to liver function. These results indicate that TiO~2~ impairs the immunity of the liver and alters liver function \[[@cit0060]\]. In addition, Li *et al*. reported that exposure to TiO~2~ by intraperitoneal injection induced obvious congestion and lymph nodule proliferation in the mouse spleen \[[@cit0061]\]. These results indicated that exposure to TiO~2~ particles could translocate throughout the body quickly and tend to accumulate in immune organs, possibly through uptake by migratory antigen presenting cells, because many toxicological studies have observed that macrophages or foreign-body giant cells appeared in lung tissue as exposure doses increased \[[@cit0062]\].

In conclusion, the current study found that TiO~2~ composite induced *in vivo* immune and genetic toxicity in a dose-dependent manner in mice. However, SiO~2~, and ZrO~2~ composites revealed a lower toxicity in male mice compared to TiO~2~. These data suggest that SiO~2~ and ZrO~2~ composites expressed a low toxicity rate and could be used in biomedical applications such as repair bone defects. Moreover, we should be concerned about the potential risk of cancer or genetic disorders especially for people occupationally exposed to high concentrations of TiO~2~, and that it might be prudent to limit ingestion of TiO~2~ through nonessential drug additives, food colourings, etc.
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